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 a b s t r a c t   
 
In the present work, we have investigated the adsorption capacities of natural raw clays 
originated from Tunisia, such as those from Tabarka (a mixture of kaolinite and illite) and from 
Fouchana (a mixture of smectite, kaolinite, and illite), a standard kaolinite (KGa-2), and a 
palygorskite (PFl-1) for the removal of a reactive red dye (RR 120) usually found in textile industry 
effluents. Thus, batch adsorption experiments were performed and were tuned by varying 
different parameters such as adsorption contact time, aqueous phase pH, ionic strength, and 
initial dye concentration. In addition, zeta potential measurements allowed the determination of 
the electrical charge and of the dye behavior at the clay ewater interface. Despite the fact that 
palygorskite has higher porosity and specific sur- face values, the amount of dye adsorbed on this 
clay is low in comparison to that of the other solid samples, regardless of the values of pH and 
ionic strength of the aqueous phase. On the other hand, a higher amount of adsorbed dye was 
observed on KGa-2, having the lowest specific surface area value. This sample, in comparison to 
smectite and fibrous clays, was found to be more efficient in the removal the anionic dye, and 
thus it can be used as an adsorbent for the treatment of effluents in the textile industry. 
 
 
 
 
 
  
r é s u m é   
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Dans ce travail, nous avons e´tudie´ les capacite´s d'adsorption des argiles  naturelles brutes 
originaires  de  Tunisie,  telles  que  celles  de  Tabarka  (me´lange  de  kaolinite  et  d'illite),  de 
Fouchana (me´lange de smectite, kaolinite et illite), une kaolinite standard (KGa-2) et une 
palygorskite  (PFl-1),  pour  e´liminer  un  colorant  rouge  re´actif  (RR  120)  pre´sent  dans  les effluents   
de   l'industrie   textile.   Ainsi,   des   expe´riences   d'adsorption   en   batch   ont   e´te´ re´alise´es,   
examinant   diffe´rents   parame`tres   tels   que   le   temps   de   contact   adsorbante 
adsorbat, le pH et la force ionique de la phase aqueuse, la concentration initiale en colorant.  Par  
ailleurs,  des  mesures  du  potential  ze^ta  et  du  potentiel  d’e´coulement  induit des diffe´rentes 
dispersions aqueuses en absence et en pre´sence du colorant ont permis de de´terminer  la  charge  
e´lectrique  et  le  comportement  du  colorant  `a  l'interface  argileeeau. Les  re´sultats  montrent  que,  
malgre´  le  fait  que  la  palygorskite  pre´sente  une  porosite´  et une  surface spe´cifique e´leve´es, la 
quantite´ de colorant adsorbe´e sur cette argile est faible par  rapport  a`  celles  des  autres  argiles,  
quelles  que  soient  les  valeurs  de  pH  et  de  force ionique de la phase aqueuse. Par ailleurs, la 
quantite´ de colorant adsorbe´ la plus e´leve´e a e´te´ observe´e sur la kaolinite (KGa-2), qui s'est ave´re´e 
e^tre l'adsorbant le plus efficace pour e´liminer le colorant anionique et  traiter les effluents de 
l'industrie textile. 
 
 
 
 
1. Introduction 
 
In the textile dyeing process, a significant amount of the dye 
is remaining in the discharged colored effluents [1e3]. Textile 
dyeing industries use mainly reactive dyes, which have various 
chemical structures and compositions, and are not easily 
degradable [4]. Therefore, to preserve the envi- ronment, it is 
essential to treat textile effluents by using the low cost 
processes. 
Dye removal from polluted water was carried out by various 
methods such as biological treatment [5], coagu- 
lation/flocculation [5,6], ozone treatment [6,7], chemical 
oxidation and photocatalytic processes [8], membrane processes 
[6,9,10], and adsorption [6,11]. The adsorption is the most 
commonly used method because of its easy handling and 
because it allows one to remove pollutants even from solutions 
having low pollutant concentration. Furthermore, adsorption is 
a widely used method, and many researches are devoted to 
design innovative adsor- bent materials that are efficient and 
less expensive. Clays are abundant, develop large surface areas, 
and are inex- pensive. These material characteristics make the 
clays suitable adsorbents for sustainable treatment of the textile 
effluents. Furthermore, owing to their surface charges and their 
porous and layered structures, the clays were found to be 
efficient adsorbents for the removal of the organic or inorganic 
pollutants from wastewater [12,13]. It should be noted that 
aqueous dispersions of clay may be tuned to neutral, negatively, 
or positively charged particles, and they may be used for the 
treatment of wastewater containing neutral or ionic species 
such as metals, cationic, anionic, and neutral molecules. 
Recently, we have shown that clay particles, despite their 
negative permanent structural charge, are able to remove 
negatively charged dyes from water, and consequently to 
discolor effluents [14,15a]. Moreover, upon the adsorption of 
dye molecules from  water onto the clay surface, an alteration of 
the solid wettability may be expected [16e18]. Such molecular 
ad- ditive adsorption on the clay surface may in turn affect the 
 
phase behavior, rheology, and floatability of the aqueous 
dispersion of clay [19]. Moreover, various parameters can be 
tuned to control the dye adsorption onto clay particles, such as 
the dye concentration, temperature, nature, con- centration of 
the electrolyte, and pH of the medium. It should be emphasized 
that in aqueous medium the dye adsorption on the clay surface 
is controlled mainly by the structure of electrical double layer 
(EDL) occurring at the solidewater interface. Therefore, it is 
important to take into account the factors affecting surface 
charge development at the solidewater interface. 
The aim of the present work was to study and compare the 
decolorizing potential of clays of different species by focusing on 
an anionic dye used in the textile industry. We carried out both 
batch adsorption experiments of  an anionic dye from water 
onto the clay surface and electro- kinetic behavior 
measurements of the clay covered by the dye molecules' 
aqueous dispersions. 
 
1.1. Development of surface charges and EDL at clayewater 
interface 
 
When a solid phase is put in contact with a liquid phase, a 
distribution of electrical charges occurs between the two phases. 
For instance in an organic medium, the charge development at 
interfaces results from the differences in the affinity of the two 
phases for the electrons [20]. How- ever, in aqueous medium, 
the charge development at in- terfaces results from selective 
adsorption of organic or inorganic ions, ionization of surface 
groups (inorganic ox- ides), or isomorphous substitutions in the 
lattice (alumi- nosilicate clay minerals). The arrangement of 
charges on the solid surface phase and in the water phase is 
referred to as the EDL for a solid negatively charged in contact 
with water. Various models of the EDL at solideaqueous in- 
terfaces have been proposed [20,21]. In these models, the 
electrolyte ions are regarded as point charges and the sol- vent is 
considered as a structureless dielectric of constant permittivity. 
Furthermore, the electrostatic potential is 
  
assumed to obey Poisson's equation and short-range in- 
teractions occur near the solid surface between the  ions, the 
wall, and the adjoining water dipoles. Moreover, in these 
models the local ions density are calculated by using Boltzmann 
equations. The Stern model is more appropriate for studying the 
adsorption of molecules at solidewater interface [22]. According 
to this  model, the  space  charge in the electrolyte solution is 
divided in two regions: 
 
 
(1) An inner region near the wall (compact Stern layer) where 
adsorbed ions interact specifically with the wall. The Stern 
layer is situated at distance d out from the solid surface to 
yield a potential Jd. 
(2) A layer, which starts at Stern plane d and goes out from this 
plane to the bulk solution (diffuse layer). The thickness of 
this layer is given by 1/k, where Jd falls to 
Jd/e,  where  e  is  the  base  of  natural  logarithms  at  a 
distance of 1/k out from the plane d. 
 
The shear plane, that is, the plane that gives rise to the 
electrokinetic or zeta (z) potential occurs at the interface 
between the compact and the diffuse layers. 
 
1.2. Electrophoresis, z potential, and streaming-induced 
potential 
 
In solideliquid dispersions such as clay aqueous disper- sions, 
the electrophoresis is defined as the induced move- ment of the 
charged particles by applying an electric field across the 
dispersion filled capillary. Hence, the measure- ment of the 
velocity of the charged particles under a known 
value of the applied electrical field allows the determination of 
the z potential. Instead of applying an external electrical field 
across the capillary to cause the charged particles to move, one 
can apply a mechanical force to the system  causing the particles 
to flow. The perturbation of the elec- trical diffuse layer of the 
adsorbed particles on the capillary wall causes almost the 
counterions to be sheared off the particles and a streaming 
potential is induced. 
In the present work, various electrokinetic potentials (z 
and streaming electrokinetic potentials) of  the  aqueous clay 
dispersions were measured to understand the mech- anism of 
adsorption of an anionic dye from water onto clay solid surfaces. 
 
2. Materials and methods 
 
2.1. Dye and clays 
 
In the present work, the adsorbate used, Reactive Red 120 
(RR 120), is the same dye used elsewhere [15a,b]. The 
adsorbents used are four natural clays, two of them, Tab- 
arka and Fouchana, are originating from the Northeast region 
in Tunisia, and two are standard clays. The Tabarka clay is a 
mixture of kaolinite (62%) and illite (38%), whereas the 
Fouchana clay contains smectite (60%), kaolinite (30%), and 
illite (10%). The standard clays are a kaolinite (KGa-2) and a 
palygorskite (PFl-1) having a fibrous structure. They were 
purchased from the Source Clay Repository of the Clay 
Minerals Society and their purities were assessed elsewhere 
[15a,b]. Table 1 presents the values of the cation exchange 
capacity (CEC), the specific surface area, the pore volume and 
diameter, the point of zero charge, and the mineralogical 
composition obtained from X-ray diffraction analyses of 
various clays
Table 1 Physical and chemical characteristics of Fouchana, Tabarka, Palygorskite, and KGa-2 clays. a Ref. [70]. b Ref. [15b]. c Ref. [71]. 
 
Parameter Unit Palygorskite (PFl-1) Fouchana clay Tabarka clay Kaolinite (KGa-2) 
Specific surface m2/g 136.4 80 47 23.5 
CEC mequiv/100 g 19.5 34.3 14.96 3.3 
Micropore volume mm3/g 47a 7b 
- 
Mean pore diameter Å 6.1 50 
- 
7.4b 
50 
Point of zero charge 
- 
4.3 3.4a 3.7a 4.2 
Kaolinite % 
- 
Illite % 
- 
30 62 99c 
 
10 38 1c 
Smectite % 11c 60 
- - 
Palygorskite % 89c 
- - - 
SiO2 wt % 60.9 52.1 55.25 43.9 
CaO wt % 1.98 1.01 0.16 
- 
Na2O wt % 0.06 0.02 0.19 <0.005 
Al2O3 wt % 10.4 22.7 24.17 38.5 
MgO wt % 10.2 2.17 5.39 0.03 
Fe2O3 wt % 2.98 9.15 1.15 0.98 
K2O wt % 0.8 2.46 1.78 0.065 
TiO2 wt % 0.49 0.916 - 2.08 
 e 
e 
 
The proportions of each clay type were estimated by the 
reference intensity ratio method using the software 
HighScore. The specific surface area and CEC were measured 
according to the BrunauereEmmetteTeller (BET) theory and 
Metson method, respectively (AFNOR NF 
X  31-130),  and  the  chemical  composition  was  obtained 
The pseudo second-order equation, Eq. 3, describes the 
process over the whole period of adsorption, and this  model is 
based on the assumption of chemisorption con- trolling the rate 
of the adsorbate. 
The linear form is [28] 
after borate fusion by Inductively Coupled Plasma-Atomic t  1 1 ¼ þ (3)  
Emission Spectroscopy (ICP-AES), (Jobin Yvon JY 124). The point 
of zero net proton charge of Fouchana and Tabarka clays was 
determined from potentiometric titrations at different ionic 
strengths. 
 
2.2. Adsorption experiments 
 
Batch experiments were carried out to study the dye 
adsorption from water onto various clays.  Factors  influ- 
encing the dye adsorbed amount, such as the contact time 
qt k2q2 t 
where K2 is the rate constant of adsorption, qe is  the amount of 
dye adsorbed at equilibrium (mol/g), and qt is the amount of 
dye adsorbed at time t (mol/g). 
The equilibrium adsorption capacity (qe) and the second- 
order rate constant K2 (g/mol min) can be determined 
experimentally, respectively, from the slope and intercept of plot 
of t/qt versus t, if the initial adsorption rate is Eq. 4 [25] 
between adsorbenteadsorbate, t, the ionic strength, I, the h ¼ K2q
2 (4)  
aqueous phase pH, the initial dye concentration C0, and the 
temperature T, were also investigated. Thus, the adsorption 
temperature was varied from 20 to 50 ○C, whereas the 
adsorbent amount (3 g) and the total volume of the solu- tion 
containing the dye and the clay mixture (100 mL) were 
maintained constant. The dye adsorbed amount was determined 
by centrifuging the sample at 3600 rpm during 15 min, and 
analyzing the supernatant absorbance at lmax 
¼ 535 nm. Finally, the dye adsorbed amount at time t, qt, as 
The Elovich equation is widely used to describe the ki- netics 
of chemisorption and assumes that the solid surfaces are 
energetically heterogeneous. Moreover, desorption or 
interactions between the adsorbate do not affect the ki- netics 
of adsorption at low surface coverage [23]. 
The linear form of Elovich Eq. 5 is 
 
q ¼
  1 
þ 
1 
ln t (5) 
 
expressed in milligrams of the dye per gram of the clay was  
calculated by taking into account the initial and the equi- librium 
liquid phase concentrations of dye solution (g L—1), according to 
Eq. 1: 
.
V 
Σ 
 
 
b lnðabÞ b 
where a (mg g—1 min—1) is the initial adsorption rate con- stant 
and the parameter b (g mg—1) is related to the extent of the 
surface coverage and activation energy for chemi- 
 
where C0 and Ce are the initial and the equilibrium liquid phase 
concentrations of dye solution (g L—1), respectively, qe is the  
equilibrium  dye  concentration  on  adsorbent  (mg g—1), V is the 
volume of dye solution (L), and m (g) is the mass of clay sample. 
 
2.3. Adsorption kinetics 
 
The kinetic study was undertaken to examine the fac- tors 
that influence the adsorption rates, and understand the 
dynamics of the adsorption process. Several kinetic models are 
available such as pseudo-first-order, pseudo-second- order, 
Elovich equation, and intraparticle diffusion models, which were 
applied for the experimental data to evaluate the effectiveness 
of adsorption on clay and the rate con- stants of dye removal 
from the solution [23-26]. 
The pseudo-first-order model, Eq. 2 [23], was widely used in 
the literature but has a limitation: it is found suitable  for  many  
adsorption  processes  for  the  initial 20e30 min of interaction 
time but does not always fit for the whole range of contact time 
[27]. 
lnðqe — q tÞ¼ ln qe — K1t (2) 
where K1 is the equilibrium rate constant of pseudo first- order 
adsorption (min—1), qe and qt are the amounts of dyes adsorbed 
at equilibrium and at time t (mg g—1), respectively. 
The intraparticle diffusion model is to taken into ac- count if 
the diffusion (internal surface and pore diffusion) of dye 
molecules inside the adsorbent is the rate-limiting step. It 
describes the following three consecutive steps: 
 
 
(1) the transport of adsorbate from the bulk solution to the 
outer surface of the adsorbent by molecular diffusion; 
 
(2) the internal diffusion; the transport of adsorbate from the 
particle surface into interior sites; 
 
(3) the adsorption of the solute particles from the active sites 
into the interior surface of the pores. 
 
The effect of intraparticle diffusion resistance on adsorption 
can be determined by the following relationship (6): 
qt ¼ Kipt
1=2 þ C (6) 
where Kip represents intraparticle diffusion rate constant (mg g
—
1 min—1/2) and C is a constant (mg g—1) that gives information 
about the thickness of boundary layer.  The plot of qt versus t
1/2 
yields a straight line passing through the origin in case the 
intraparticle diffusion controls the rate. 
sorption [26]. The values of a and b can be calculated from 
the plot of qt against 1/ln t. m 
t 
qe ¼ ðC0 — CeÞ×  (1) 
 ¼ 
¼ ¼ 
¼ 
 
2.4. Zeta potential measurements 
 
Electrokinetic effects refer to the movement of one phase 
(solid particles) tangentially past a second immobile phase 
(aqueous solution of the electrolyte) and result from the 
development of the electrical forces at the boundary between 
the solid particles and the aqueous solution of an electrolyte. 
The solid particle movement can be caused by applying an 
external electrical field and the zeta potential (z), which is the 
electrical potential at the share plane between the Stern and 
diffuse layers, is obtained. According to Jacobasch et al. [29], the 
adsorption processes can be investigated directly with the help 
of electrokinetics and make  it possible to recognize reactions on 
the surface during measurements [30e32]. 
It should be noted that we deal with electrokinetic 
measurements of colloidal particles; the measurable 
parameter is the electrophoretic mobility, Ue, obtained ac- 
cording to Eq. 7: 
Ue 
.
cm2
,
Vs
Σ 
¼ 10—4v ðmm=sÞ=E ðV=cmÞ (7) 
where v (mm/s) is the clay particle velocity measured at 
ambient temperature by using the Zetaphoremeter II apparatus, 
and E (V/cm) is the electric field applied to the clay aqueous 
dispersion [33]. Furthermore, if the colloidal particle size is 
larger than the EDL thickness, then the zeta potential (z) can be 
calculated from the mobility Ue, by using Smoluchowski Eq. 8 
[30]: 
 
z ¼ ðh$UeÞ=ε (8) 
where h and ε are, respectively, the viscosity and the 
permittivity of the aqueous medium. 
In the present work, we have considered the zeta po- tential 
instead of the mobility data to describe the elec- trophoretic 
behaviors of various clays in the absence and presence of the RR 
120 dye molecules. The experimental part describing the 
electrokinetic mobility  measurements of the clay aqueous 
dispersion is described elsewhere [33]. 
 
2.5. Streaming-induced potential measurements 
 
This electrokinetic method based on the titration of clay 
aqueous dispersion by the dye molecules has been described in 
detail elsewhere [34]. Here, the initial con- centrations of the 
titrant (RR 120 dye aqueous solution) and the titrated solid (clay 
aqueous suspension) are equal to, respectively, 0.48 , and 100 
mg L—1. 
 
3. Results and discussion 
 
The information obtained in this study relates primarily to 
the effect that several parameters have on the amount of the 
adsorbed dye from water onto clay particles. As previ- ously 
mentioned, these parameters are the contact time between 
adsorbateeadsorbent, the initial dye concentra- tion, the 
aqueous phase pH, the clay nature, the ionic strength, and 
the temperature. 
3.1. Effect of contact time and ionic strength 
 
Fig. 1 shows the effects of the contact time and the ionic 
strength on the adsorption of RR 120 dye onto KGa-2, 
Tabarka, Fouchana, and PFl-1 clays. 
As can be seen in Fig. 1, in all instances, at natural so- 
lution pH and ambient temperature, the adsorbed amount of 
the dye RR 120 (qe) increases, when the ionic strength 
increases from 0 to 1 M because of screening of the clay 
particles' surface charge by the presence of many nearby 
cations, mainly Naþ cations. Ionic strength is an important 
parameter to study in adsorption experiments because 
pollutants such as inorganic salts are usually present in 
industrial wastewaters. Anirudhan and Ramachandran [35] have 
argued that the presence of such inorganic salts in the 
wastewater leads to high ionic strength and affects in turn the 
removal and/or the adsorption processes of the dye from 
water onto the adsorbent. 
The increase in the adsorbed dye amount with an in- crease 
in the ionic strength as observed in the present work (Fig. 1) is in 
agreement with the reported work [36] dealing with similar salt 
effect on the adsorption of the natural organic material onto 
activated carbons. These authors have found that at high surface 
concentration where lateral electrostatic repulsion between 
adsorbed natural organic material molecules predominate, an 
increase in the ionic strength reduced these repulsive 
interactions leading  hence to an increase in the adsorbed 
amount. 
Furthermore, whichever clay is investigated, Fig. 1 also 
shows a rapid increase in qe with the initial contact time 
ranging between 10 and 60 min, resulting from the abundant 
availability of active sites on the clay surface. Note that at 
clayedye contact times exceeding 60 min, the adsorbed dye 
amount qe reaches a plateau value, qm, which is dependent 
on the nature of the clay and the concentration of NaCl salt. 
Hence, as can be seen in Fig. 1, at 1 M ionic strength, higher 
amount of the adsorbed dye (qe 2.4 mg g
—1) is found on the 
KGa-2 clay surface as compared with Tabarka (qe 1 mg g
—1), 
Fouchana (qe 
0.9 mg g—1), and PFl-1 (qe   0.6 mg g
—1). These qe values   are 
attributed to lack of the available active sites required for 
further uptake after attaining equilibrium. Further- more, the 
optimum contact time to reach the equilibrium, which is about 
60 min, for almost all adsorbents, is higher than the contact 
time of 40 min found by others authors 
[37] for their investigations dealing with the adsorption of 
anionic dyes onto pillared bentonite, using silica or silica- 
zirconia pillars. Such difference in the contact time may result 
from the difference in the nature of the adsorbents used by 
Aguiar et al. [37], which consist of two pillared bentonite 
samples and the nonpillared natural clay sam- ples used in the 
present work. Thus, the insertion of pillars in the bentonite clay 
structure improves the dye adsorp- tion capacity and reduces 
the equilibrium contact time. Other researchers have carried out 
adsorption experi- ments to investigate any relationships that 
may exist be- tween the amounts of dye adsorbed  onto  a  fixed  
adsorbent mass and the agitation/contact time [38e40]. These 
authors have observed fast adsorption of the solute onto the 
adsorbent occurring within the first  few minutes of   contact   
and  then   the   adsorption  proceeds gradually 
 ¼ 
 
 
 
Fig. 1. Effect of ionic strength and contact time on the adsorption of RR 120 dye onto various clays, KGa-2, Tabarka, Fouchana, and palygorskite (PFl-1) (Initial dye aqueous solution 
concentration, C0 ¼ 30 g L
—1). 
 
until equilibrium is reached after which the dye percent- age 
removal remains constant. It should be noted that at laboratory 
scale, the contact time is a parameter, which allows the 
determination of the optimum time  at  which the equilibrium is 
reached. This parameter in comparison to the other adsorption 
parameters does not have a defi- nite general trend. 
 
3.2. Effect of the initial dye concentration 
 
Fig. 2 shows the adsorption isotherms (T 20 ○C) of the RR 120 
dye onto various clays. 
In these experiments the initial dye concentration (C0) varied 
from 10 to 120 mg L—1 resulting in an equilibrium concentration 
(Ce) ranging from 0 to 20 mg L
—1. As can be observed in Fig. 2 for 
all of the clays investigated, there is a rapid increase in the dye 
adsorbed amount, qe, for low Ce followed by a plateau value 
reached at high dye concen- tration. Several authors using 
various dye molecules and adsorbents also observed similar 
trends. Hence, Akgul [41] has used raw and iron-grafted zeolites 
as adsorbents to study the removal of Congo Red (CR) from 
water, and he has shown that in all instances, the adsorbed dye 
amount increases with the initial dye concentration up to the 
saturation of the adsorbent active sites available for the 
adsorption. In the work reported by Gupta et al. [42] dealing 
with the use of sustainable and biodegradable lignocellulosic 
fiber to detoxify the noxious Cr(VI) from wastewater, the 
sorption capacity of the biosorbent was found to increase up to 
a maximum value with an increase in the initial metal 
concentration. Aguiar et al. [37] carried 
out adsorption experiments of reactive dyes onto porous clay 
heterostructures. They have found that the amount of dye 
adsorbed increased with its initial concentration in water and 
leveled out at a high solute content resulting from chemical 
interaction occurring between the dye molecules and the porous 
clay surface functional groups. Fig. 2 also shows that for the four 
clays investigated, the Ce value at which a plateau is reached 
increases in the following order: 
KGa — 2 < Tabarka < Fouchana < PFl — 1 
 
 
 
Fig. 2. Effect of the initial dye concentration on the adsorbed amount from water 
onto various clays. 
 ¼ 
 
This indicates that KGa-2 offers more active sites avail- able 
for the adsorption, and the clay surface saturation occurs in the 
presence of higher amounts of the dye mol- ecules. On the 
contrary, in the case of PFl-1, the clay surface saturation occurs 
in the presence of a lower amount of the dye molecules, due to 
less active sites or a less efficient process because of less 
accessibility of the sites to the dye molecules. These results 
show clearly that the dye adsorption efficiency depends not only 
on the structure of the dye molecules but also on the adsorbent 
nature [37,41]. 
 
3.3. Effect of the aqueous phase pH on RR 120 adsorption on 
the clay surface 
 
We have carried out adsorption experiments by varying the 
aqueous phase pH in the range 3e9. The data indicate that 
whichever is the clay investigated, the decrease in the pH value 
from 9 to 3 leads to an increase in the dye adsorbed amount by 
several folds. For instance in the case of PFl-1 clay, when the pH 
decreases from 7 to 3, qe in- creases, respectively, from 0.26 to 
0.78 mg g—1. The observed increase in the amount of dye 
adsorbed, qe, upon the decrease in pH is because of the change 
in the clay electrical properties with the pH. Thus, in the case of 
KGa-2, the clay isoelectric point (IEP) is 4.8, indicating that the 
surface charge of clay becomes more positive at pH values near 
and at below the IEP, hence leading to enhanced electrostatic 
attraction forces that occur between the anionic dye molecules 
and the clay positively charged surface sites. The same change in 
the electrostatic attrac- tion forces with the pH may also explain 
the increase in qe with the decrease in pH, in the case of 
Fouchana, Tabarka, and PFl-1, despite the fact that these clays 
have no IEP values in the pH range 3e9 investigated. It should 
also be noted that at low pH values (pH < pKa), the dye molecule 
is subject to protonation of one of the diaminochlorotriazine 
groups (pKa 4.4), which could also lead to attraction between the 
positively charged dye molecules and the negatively charged clay 
surface [43], hence enhancing the adsorbed amount onto the 
clay. 
Our results are in good agreement with the work re- ported 
[44], dealing with solution condition effects on sul- forhodamine 
G, rhodamine B, orange II, and methylene blue (MB) adsorption 
on montmorillonite. These authors have concluded that the dye 
adsorption may occur either on the basal (pH insensitive) or on 
the edge (pH sensitive) surfaces of clay. Thus, the amount of 
rhodamine B adsorbed on the edge surfaces of clay decreased 
with the increase in the pH, whereas the amount of MB 
adsorbed at the basal surface of clay was not affected by the pH 
change. It should be noted that the aqueous phase pH plays an 
important role in the whole adsorption process as previously 
reported [39,45e47]. The pH influences the dye adsorption 
because of the change in the electrical surface charge of the 
adsor- bent and/or that of the dye chemistry. Therefore, it is 
obvious that the dyeeclay surface interaction force and/or the 
adsorption capacity of the adsorbent will depend on the 
aqueous phase pH. The data obtained in our work have shown 
an increase in the amount of dye adsorbed with the decrease in 
the pH in the range 3e9, whichever is the clay used, which is in a 
good agreement with earlier works 
reported [48,49]. These studies have shown that under acidic 
conditions (low pH value) a higher amount of the anionic dye 
removal is observed, resulting from the elec- trostatic attraction 
occurring between the anionic dye and the positively charged 
surface of the adsorbent. However, under basic conditions (high 
pH value), authors of various studies [48,49] have observed a low 
amount of the anionic dye removal because of the electrostatic 
repulsion occur- ring between the negatively charged adsorbent 
surface and the anionic dye. In the reported work [35], dealing 
with the adsorptive removal of cationic dyes (MB, Rhodamine 
Blue, and Crystal Violet) from aqueous solutions by surfactant- 
modified bentonite clay, it has been  shown that, contrary  to 
what has been observed for adsorption of anionic dyes on clays, 
increasing the pH increases the adsorption capacity. 
These findings can be explained by the fact that an in- crease 
in pH decreases the positive charges on the clay surface, thereby 
increasing its negatively charged sites, which will favor the 
uptake of cationic dye molecules due   to electrostatic attraction. 
On the other hand, the decrease in cationic dye adsorption in 
acidic conditions is due to the electrostatic repulsion, occurring 
between the cationic surfactant-modified bentonite and the 
cationic dye mole- cules. The overall data indicate that the 
adsorbatee adsorbent electrostatic interaction forces could  be  
tuned by varying the aqueous phase pH, as shown in Ref. [50], in 
their work dealing with the removal of Malachite Green (MG) 
dye from wastewater by different organic acid- modified natural 
adsorbent (sawdust). 
 
3.4. Effect of the clay nature on the adsorbed dye amount 
 
The overall data indicate that the dye adsorbed amount from 
water onto various clays increases in the following order: 
PF1 — 1 < Fouchana < Tabarka < KGa — 2 
It appears that KGa-2 and PFl-1 are, respectively, the most 
and the less efficient adsorbents, resulting from the structural 
nature of the clay. Such data indicate that the kaolinite 
mineralogical species play a major role in the adsorption of 
anionic dye, whereas illite (in Tabarka) and smectite (in 
Fouchana) are more limited and do not enhance the adsorption 
capacity of the clay material when mixed with kaolinite. 
Palygorskite, which is widely used as adsorbent of pollutant 
because of its high structural porosity and high specific surface, 
shows the lowest effi- ciency. These different clay behaviors 
toward the anionic dye show that even a clay having both high 
porosity and specific surface do not enhance the adsorption of 
RR 120 dye. Therefore, the different clay behaviors toward the 
anionic dye result from the nature of the surfaces and the 
surface charges that are different between the KGa-2 (pure 
kaolinite) and the other clays. 
 
3.5. Comparison of the experimental adsorption data to 
the theoretical predictions 
 
To elucidate the adsorption mechanism of the dye from 
water onto the clay surface, we have compared the 
 n 
— × 
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adsorption data to the theoretical predictions of the Lang- muir, 
Freundlich, Dubinin-Radushkevich, Harkins-Jura, and Halsey 
isotherms models. These models were selected because they 
are suited to describe the data, and they are widely applied to 
investigate the adsorption mechanistic aspects [51,52]. For 
instance, the Langmuir adsorption isotherm model [53] assumes 
that sorption takes place at specific homogeneous sites on the 
adsorbent surface, and the adsorbed layer is one molecule in 
thickness. Further- more, the strength of intermolecular 
attractive forces is believed to fall off rapidly with distance. 
Contrary to the Langmuir model, the Freundlich adsorption 
isotherm model considers adsorbent having heterogeneous 
surfaces and nonuniform distribution of adsorption heat [54,55], 
as well as multilayer sorption. Moreover, this model predicts that 
the dye concentrations on the adsorbent will increase so long as 
there is an increase in the dye concentration in the liquid. 
The Langmuir, Freundlich, Dubinin-Radushkevich, Har- kins-
Jura, and Halsey equations are presented in Table 2. 
In Table 2, the calculated parameters from these models, the 
regression coefficients (R2), and the sum of squared errors of the 
prediction are presented. Considering, for instance, the 
Freundlich model, the parameters qF and n were calculated, 
respectively, from the intercept and the slope of the Freundlich 
plots (log (qe) vs log (Ce)). For the 
Langmuir model, the parameters qm and b were calculated, 
respectively, from the slope and the intercept of the linear 
equation Ce/qe versus Ce, where Ce (mg L
—1) is the equilib- rium 
concentration, qe (mg g
—1) is the adsorbed amount at 
equilibrium, qm (mg g
—1) is the adsorption capacity, and b (L mg—
1) is the adsorption energy (Langmuir constant). 
The best fits of the experimental data to the theoretical 
predications of all models were assessed by considering first the 
highest R2 values, and second, the smallest sum of squared 
errors of the prediction values. By taking into ac- count such 
criteria and the good correspondence between the calculated 
and the experimental qe values, as can be seen in Table 2, the 
overall data indicate that the Langmuir model is the best model 
to describe the adsorption of RR 120 onto all clays, indicating 
monolayer coverage of the surfaces. 
 
3.6. Adsorption kinetics for RR 120 dye adsorption on various 
clays 
 
The kinetics of RR 120 adsorption onto Tabarka, KGa-2, 
Fouchana, and Palygorskite clays was investigated using four 
models: the pseudo-first-order, pseudo-second-order, Elovich, 
and intraparticle diffusion models, which were applied for the 
experimental data to evaluate the effec- tiveness of adsorption 
on clay, and the rate constants of dye 
 
Table 2 
Isotherm equations, constants, correlation coefficients (R2), and sum of squared errors (SSE) for RR 120 adsorption onto Tabarka, Fouchana, KGa-2, and Palygorskite 
clays. 
Isotherm model Clays Model parameters 
Langmuir qe experimental (mg g
¡1) qm (mg g
¡1) b (L mg¡1) R2 SSE 
Ce 1 Ce 
qe 
¼ 
qm b 
þ 
qm 
 
 
 
Freundlich 
logðqe Þ ¼ logqF þ 
1 
logðCeÞ 
 
 
DubinineRadushkevich 
qe ¼ qm expð— bε
2Þ 
 
 
HarkinseJura 
1   
¼ 
.
B
Σ 
— 
.
1
Σ
logCc 
Tabarka 1.2 1.0 0.53 0.98 0.041 
KGa-2 2.4 2.1 1.004 0.97 0.26 
Fouchana 0.8 0.6 0.049 0.99 0.12 
Palygorskite 0.4 0.45 0.04 0.99 0.22 
qe experimental (mg g
¡1) qF (mg g
¡1) n R2 SSE 
Tabarka 1.2 0.5 1.17 0.84 0.24 
KGa-2 2.4 0.7 3.16 0.91 0.77 
Fouchana 0.8 1.03 0.6 0.95 0.09 
Palygorskite 0.4 1.53 1.34 0.97 0.13 
qe experimental (mg g
¡1) qm (mg g
¡1) b R2 SSE 
Tabarka 1.2 2.3 —2 × 10—5 0.89 0.22 
KGa-2 2.4 3.4 —8 × 10—7 0.71 0.17 
Fouchana 0.8 2.3 —2 × 10—5 0.91 0.31 
Palygorskite 0.4 1.8 1   10— 0.93 0.18 
qe experimental (mg g
¡1) A B R2 SSE 
 
Tabarka 1.2 2.25 1.39 0.82 0.18 
KGa-2 2.4 2.4 1.32 0.87 0.12 
Fouchana 0.8 1.53 1.37 0.79 0.23 
Palygorskite 0.4 0.0001 0.0001 0.84 0.22 
Halsey qe experimental (mg g
¡1) nH KH R
2 SSE 
ln qe   ¼ ½ð1=nÞln k] — ð1=nÞln Ce 
Tabarka 1.2 1.08 0.64 0.98 0.17 
KGa-2 2.4 1.25 0.72 0.96 0.12 
Fouchana 0.8 1.17 0.55 0.95 0.14 
Palygorskite 0.4 1.53 0.61 0.99 0.13 
  
Table 3 
Parameters of the pseudo-first-order, pseudo-second-order, Elovich, and intraparticle diffusion kinetic models for adsorption of RR 120 dye onto Fouchana, Tabarka, 
Palygorskite PFL-1, and KGa-2 clays (T ¼ 25 ○C). 
Clays Pseudo-first-order Pseudo-second-order Elovich Intraparticle diffusion 
 qe (mg g
—1) K1 (min
—1) R2  qe (g mg
—1 
min—1) 
K2 (mg g
—1 
min—1) 
H (mg g—1 
min—1) 
R2  a (mg g—1 
min—1) 
b (g mg—1) R2  C (mg g—1) Kip (mg g
—1 
min—1/2) 
R2  
Tabarka 0.8 0.05 0.92 0.9 0.004 0.84 0.99 1.31 1.84 0.89 3.66 0.42 0.79 
KGa-2 2.0 0.07 0.89 2.3 0.007 3.74 0.99 0.29 1.73 0.87 12.55 0.97 0.73 
Fouchana 0.65 0.58 0.67 0.78 0.092 0.98 0.99 1.05 1.95 0.92 0.74 0.192 0.72 
Palygorskite 0.3 0.04 0.98 0.42 0.15 0.04 0.99 0.23 0.89 0.94 6.29 0.36 0.87 
 
removal from the solution. The calculated kinetic constants (K1, 
K2, a, and Kip) of the four kinetic models and the calculated 
amount of dye adsorbed at equilibrium (qe) along with R
2 values 
are presented in Table 3. 
From this table, we can note that whatever the nature of the 
clay, the best fit is observed with the pseudo-second- order 
model as shown by the high correlation coefficients (R ¼ 0.99). 
Moreover, for each clay, the calculated amount of dye 
adsorbed at equilibrium (qe) with the pseudo- second-order 
model was very close to the experimentally obtained value 
(qe experimental shown in Table 2). 
 
3.7. Thermodynamic parameters of adsorption 
 
Several researchers have investigated that temperature plays 
an important role in the adsorption process [35,56,57]. In fact, 
the adsorption of molecules on a solid adsorbent is accompanied 
by changes in the Gibbs energy, DG. The later is composed of 
two terms, an enthalpic term (DH), which expresses the 
interaction energies between the molecules and the adsorbent 
surface, and an entropic term (DS), which expresses the 
modification and the arrangement of the molecules in the liquid 
phase and on the surface. In general, the adsorption 
phenomenon is always accompanied by a thermal process that 
can be either exothermic (DH < 0) or endothermic (DH> 0). 
According to Chen et al. [58], the thermodynamic parameters 
DS and DH dealing with the adsorption of dye on clay particles 
are usually obtained from the experimental data acquired at 
different temperatures. In the course of a chemical reaction 
process, the increase in the temperature leads to the increase in 
the reaction rate [59]. In the adsorption process, if the adsorbed 
amount in- creases or decreases with temperature then the 
adsorption is, respectively, endothermic or exothermic [60e62]. 
Thus, in the present work, the changes in the free en- ergy of 
sorption reaction (DG0) were calculated for different 
temperatures ranging from 293.15 to 323.15  K (Table 4). Eq. 9 
gives DG0 [63]. DG0 is the standard free energy change (J mol—1), 
R is the universal gas constant 
8.314  (J mol—1 K—1), T is the absolute temperature (K), and   K0 is the 
equilibrium constant given  by  Eq.  10  [63].  DH0 and  DS0  are  the  
enthalpy and  entropy of  sorption reaction, 
In all instances, the data show that when the tempera- ture 
increases from 293 to 323 K, DG0 becomes less nega- tive, 
resulting from the decrease in the adsorption capacity of RR 120 
dye, indicating that ambient temperature is more favorable to 
adsorption of RR 120 dye on the studied clays. Furthermore, the 
negative values of DG0 in case of KGa-2, Tabarka, and Fouchana 
in the studied temperature range indicate that the adsorption is 
still feasible and spontaneous at higher temperature [64]. 
However, in the case of PFl-1 the DG0 values are always positive, 
which indicates that the adsorption process is not as feasible 
and spontaneous as for the other clays (Table 4). The DH0 and 
DS0 values are all negative, which indicates that the process is 
exothermic and it induces more order at the liquidesolid 
interface. A posi- tive DS0 value relates to an increase in the 
adsorbed species degree of freedom [65]. It should also be 
noted that DS0 value for KGa-2 is the most negative, thus the dye 
molecules adsorbed onto kaolinite are more organized at the 
solid- eliquid interface than in the case of palygorskite. The 
decrease in the adsorption capacity with the increase in the 
temperature, as observed in the present work, is in a good 
agreement with the work reported by others authors [66,67], in 
their investigation on the CR adsorption on clay materials at 
various temperatures. They concluded that lower temperatures 
gave more negative DH0 values and favored the adsorption 
process. Furthermore, the decrease in the CR adsorption by 
bentonite with the increase in the temperature was explained by 
the interaction weakness (hydrogen bonds and van der Waals) 
occurring between the CR and the clay particles and resulting 
in physisorption of 
the dye instead of chemisorption [40]. Others authors observed  
similar  trends  [68]  on  their  use  of  modified 
 
Table 4 
Standard free energy (DG0), at different temperatures, enthalpy (DH0), and 
entropy (DS0) for adsorption of RR 120 dye onto the Tabarka, KGa-2, Fouchana, 
and Palygorskite clays. 
 
 
T (K) 293.15      303.15      313.15      323.15 
 
 
DG0 (kJ mol—1)     KGa-2 —4.779     —4.386     —3.993    —3.600 
Tabarka —4.314    —3.987    —3.659    —3.333 
Fouchana —1.000     —0.693     —0.386   —0.079 
Palygorskite    0.643 0.931 1.219 1.507 
DH0 (kJ mol—1)    KGa-2 —16.3 
Tabarka —13.9 
respectively. 
DG0 ¼ —RT ln K0 (9) 
Fouchana 10 
0 
Palygorskite    —7.8 
DS   (J mol—1) KGa-2 —39.3 
Tabarka —32.7 
Fouchana —30.7 
ln K0 ¼ 
.
DS0
,
R
Σ 
— 
.
DH0
,
RT
Σ 
(10)   Palygorskite    —28.8  
 ¼ 
≤ 
 
natural bentonite for the removal of diazo dye from water. 
Furthermore, the temperature effect on the use of Moroccan 
clays to adsorb MB, MG, and Methyl Orange (MO) from aqueous 
solutions was examined by others researchers [69]. Accordingly, 
they have investigated five temperatures ranging from 10 to 50 
○C. These authors have found that as the temperature increased 
the adsorbed amounts on the clays of MG and MO increased and 
decreased, respectively, whereas the temperature less 
influenced the adsorbed MB amount. Therefore, taking into 
consideration the fact that the adsorption of MO was more 
influenced by the change in solution temperature, our data 
dealing with the adsorption on clays of an anionic dye are in a 
good agreement with those reported by Elmoubarki et al. on the 
MO dye. From the data, the adsorption of anionic dyes onto 
clays decreases as the solution temperature increases. 
 
 
3.8. Zeta potential 
 
Fig. 3 shows the variation in the z potential of the various 
clay particles as a function of the aqueous phase pH in the 
absence and in the presence of RR 120 dye molecules. 
In the absence of RR 120 dye molecules, the evolution  of z 
with the pH for the kaolinite KGa-2 sample indicates the 
presence of an IEP   4.8, which is in agreement with   the IEP 
values varying in the range 2e6 as found in the literature. 
Furthermore, the data show that for KGa-2 clay, z becomes 
more and more negative with the increase in  the pH to reach a 
maximum value at pH 10, resulting from the increase in the 
ionization of the clay silanol groups (-SiOH, permanent charge) 
and the decrease in the surface density of the positively charged 
aluminol groups (-AlOH, lateral charges). These changes in the 
surface densities of silanol and aluminol groups with the pH also 
occur with  the increase in z with the pH, as observed for 
Fouchana, and Tabarka clays. At high pH values, the maximum z 
potential value observed for KGa-2 (-30 mV) was lower as 
compared with other clays. Such differences in the magnitude of 
z potential, at high pH, between KGa-2 and the others clays is 
due to the low CEC and the electrical surface charge of the 
kaolinite. In the case of the paly- gorskite having fibrous 
structure, the small variation  in  the z with the pH seems to be 
related to the little contri- bution  of  the  lateral  surface  
charges  (-AlOH)  to  the  z 
potential. The clay surface charge in this case results  mainly 
from its permanent charge (-SiOH), in accordance with the 
lowest Al2O3 (10.4 wt %) and the highest  SiO2 (60.9 wt %) 
contents of the clay [15a,b]. 
In the presence of the adsorbed dye molecules (Fig. 3), an 
increase in the aqueous phase pH leads to an increase in the 
magnitude of zeta potential, which at pH 9 reaches its maximum 
values in the range -15 to -30 mV for all clays investigated. Such 
increase in the magnitude of z, with the pH, results from the 
contribution due to the clay surface group (-SiOH groups) and 
the contribution resulting from 
the sulfonate group of the adsorbed dye molecule. 
Note that the RR 120 dye molecule contains mainly ar- 
omatic, amine, and sulfonate groups. Thus, the adsorption of the 
dye molecules on the clay surface can involve elec- trostatic 
interactions and noncovalent p interactions occurring between 
the adsorbate and the adsorbent. All of these interactions 
involved in the dye adsorption from water onto the clay solid 
surface can be tuned by varying various parameters such as the 
aqueous phase pH, the ionic strength, the temperature, the 
initial dye concentration, the 
nature of the electrolyte, and so forth. 
As can be seen in Fig. 3, in all instances, the clays covered 
with the dye molecules as compared with the bare clays have 
lower zeta potential magnitudes, resulting from the clay surface 
charge screening by the adsorbed dye molecules. The 
comparison of the zeta potential data of the clay aqueous 
dispersions in the absence and in the presence of the dye leads 
to the following two hypotheses: 
 
 
(1) The RR 120 dye molecules may adsorb on the clay sur- face 
via their ammonium groups (positively charged groups), 
which are deprotonated at pH values >9. 
 
(2) The RR 120 dye molecules may adsorb on the clay sur- face   
via   their   sulfonate   (SO—3 ,   negatively   charged groups) 
groups, which interact with the clay surface positive sites, 
hence reducing the surface charge of this latter. 
 
3.9. Streaming-induced potential 
 
Fig. 4 shows the variation in the normalized values of the 
streaming-induced potential (SIP) of various clays upon 
 
 
 
 
 
  
 
Fig. 3. Variation of the zeta potential, z, of the various clay aqueous dispersions with the aqueous phase pH, in the absence and in the presence of RR 120 dye molecules. 
  
 
 
Fig. 4. Variation in the SIP with the volume of the added RR 120 dye mol- ecules to 
the various clay particles in aqueous dispersions. 
the addition of increasing amounts of the RR 120 dye molecules. 
It should be noted that the evolution of the SIP value as a 
function of the added RR 120 dye reflects the modification of the 
electrical double layer around the adsorbed clay particles on the 
cylindrical container wall [34], occurring during the titration. 
Such SIP measurements are a tool to monitor the adsorption of 
dye molecules onto the clay surface. Initially, that is, before any 
addition of the dye molecules to the aqueous clay dispersions, 
the  measured SIP values were negative, resulting from the 
negatively charged surfaces for various clays. However, upon the 
addition of increasing amounts of the dye solution to the clay 
aqueous dispersion, the SIP magnitudes increased, that is, 
become more negative (Fig. 4), and then leveled out, in the case 
of Fouchana, KGa-2, and Tabarka, whereas a slight decrease in 
the SIP magnitude is observed in the case of palygorskite clay. 
The increase in negative charge, for Fouchana, KGa-2, and 
Tabarka clays, indicates that the anionic dye molecules 
accumulate and bring additional negative charges by their 
adsorption on the positive clay amphoteric sites, which are 
gradually neutralized. Such neutralization of the positive clay 
amphoteric sites results from the electrostatic interactions 
occurring between these sites and the dye's sulfonate groups (SO—
3 ), hence enhancing the net negative surface charge of the clay 
particles. At the plateau values, as shown in Fig. 4, the SIP 
becomes constant because of the complete neutralization of all 
of the positive sites of the clay minerals and/or due to the 
formation of barrier by the dye molecules, hence limiting the 
adsorption process. The SIP magnitudes for Fouchana, KGa-2, 
and Tabarka samples are higher than that observed for the 
palygorskite clay in the whole range of the added RR dye 
solution, hence reflecting higher adsorption amounts, for the 
former clays in accordance with the adsorption exper- iments. 
These differences in the dye removal from water among 
Fouchana, KGa-2, and Tabarka, on one hand, and the palygorskite 
on the other hand, are related to the nature of the surfaces and 
the composition of the clay. 
 
3.10. Desorption studies 
 
Desorption experiments were performed after the 
adsorption of RR 120 dye on various clays to check the strength 
of the bonds between the adsorbent and the adsorbate. The 
desorption experiments were carried out by immersing the 
adsorbent after adsorption of dye and ad- ditive in deionized 
water for 2 h at room temperature. The desorbed amount of RR 
120 from the clay was calculated relative to the maximum 
adsorption amount observed, as depicted in Fig. 5. 
 
 
 
 
 
 
 
 
 
Fig. 5. Adsorption and desorption of RR 120 dye with various clays. 
 
 
The desorbed dye amount from the clays varied from about 
10% to 18% as a function of the clay nature (Fig. 5). As can be 
seen in Fig. 5, the lowest desorption rate of the RR 120 dye is 
obtained with Palygorskite, whereas the highest rate is obtained 
by using Fouchana as adsorbent. These differences in the 
behavior of various clays in the presence of the RR 120 dye are in 
a good agreement with the SIP data (see above) and can be 
explained by the strong interaction occurring  between  the  dye  
SO—3   groups  and  the  positive amphoteric sites of the Fouchana, 
Tabarka, and KGa-2 clays. 
 
4. Conclusions 
 
The present work has shown that the removal of anionic dye 
from polluted water can be tuned by varying various parameters 
such as the aqueous phase pH, the ionic strength, the 
temperature, and the nature of the clay used as an adsorbent. 
The overall data indicate the porosity, the surface area, and the 
cationic exchange capacity of the clay, are not the key points, 
but the clay nature is the dominant factor controlling the 
efficiency of the dye removal from water. Thus, the data show 
that although palygorskite provides a large surface to the 
adsorption, it has the lowest capacity for adsorption of RR 120 
dye, contrary to the pure kaolinite KGa-2, which exhibits the 
lowest specific surface and shows the highest adsorption 
capacity for anionic dye. Tabarka also shows a better adsorption 
capacity than Fou- chana and palygorskite. A good correlation 
was found among the amount of dye adsorbed, the magnitude 
of the zeta potential, and the SIP value. The zeta potential and 
SIP measurements indicate that the dye adsorption from water 
onto the clay surfaces indeed occurs, despite the difficulty 
arising from the negative surface charge of the clays and  the 
anionic character of the dye. From the analysis of the 
thermodynamic parameters for the dye adsorption, it was 
concluded that the process is spontaneous, feasible, and 
exothermic according to DG0 and DH values, although not 
favored at high temperature. In case of palygorskite, the positive 
values of DG confirm that the adsorption process is difficult, 
which indicates again that porosity and specific surface are not 
relevant parameters in the adsorption of anionic dye. Moreover, 
isotherm modeling indicates that the  coverage of  the  dye  
molecules  on  the  clay surfaces is 
  
limited. All of the results showed that the kaolinite-rich clay is 
a better effective adsorbent for removal of the anionic dye in 
aqueous solution at ambient temperature, a low pH, and a 
high ionic strength, and that the process without treatment of 
the clay may be a sustainable alter- native for the treatment 
of dyeing wastewaters. To estab- lish general trends dealing 
with the electrophoretic behaviors and adsorptive properties 
of the clays, work is in progress to investigate another 
adsorbate different from the reactive red dye RR. 
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List of symbols 
 
 
Symbol Definition 
CEC cation-exchange capacity of the clay 
R gas constant 
T temperature 
t contact time between adsorbateeadsorbent 
I ionic strength 
qe amount of adsorbate in the adsorbent at the 
equilibrium 
qm maximum amount of adsorbate in the adsorbent 
C0 initial concentration of the solute (the dye) 
Ce residual or equilibrium concentration of the 
solute (the dye) 
K0 equilibrium constant given by Eq (10) 
K1 pseudo-first-order rate constant 
K2 pseudo-second-order rate constant Kip
 intraparticle diffusion rate constant KL
 Langmuir constant 
qF Freundlich's constant 
n exponent of non-linearity in Freundlich's 
equation 
m mass of the adsorbent 
b adsorption energy (Langmuir  constant) 
V volume of  the solute (the dye)  solution 
Ue electrophoretic mobility of the clay particle 
z zeta potential of the clay particle 
a Elovich model parameter, initial adsorption rate 
constant 
b Elovich model parameter related to the extent of 
the surface coverage and activation energy for 
chemisorption 
h viscosity of the aqueous medium 
ε permittivity of the aqueous medium 
d distance separating the Stern layer from the solid 
surface 
k reverse of the layer thickness, which starts at the 
Stern plane and goes out to the bulk solution 
Jd Stern potential 
v clay particle velocity 
E electrical field 
R2 regression coefficient 
SSE sum of the squared errors when comparing the data 
to the models 
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